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Physics-driven detector requirements

1.Upsilon 
1. Separation of Υ(1S), Υ(2S), and Υ(3S) 
2. Good mass resolution, namely good mom. resolution is 

required. 
3. Goal is 100 MeV/c, but what resolution is really needed?  

2.b-tag jet 
1. DCA resolution ~ 100 µm at pT > 1 GeV/c. 
2. Tracking from vertex detector to outer tracker. 

3.Jet structure 
1. High priority: good efficiency for high-pT track (> 1 GeV/c). 
2. Low priority: low efficiency is acceptable for low-pT track 

(< 1 GeV/c).
3



What’s are required for tracker? 
1. For upsilon measurements, 

- Large radius outer tracker is needed for momentum 
resolution.  

2. For b-tag jet measurements, 
- Pixel detector must be placed as close as beam pipe. 
- Tracking across pixel and outer tracker. 
- Momentum resolution as high as Upsilon measurements  
  is not required. So large radius outer tracker is not  
  necessary only for b-tag jet. 

Thus, in order to meet the requirements 1 and 2 simultaneously, 
we need intermediate tracker to link pixel and large radius 
outer tracker.

Physics-driven detector requirements
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So, what kind of intermediate tracker is required? 
Necessary condition: 

• 1 pixel layer only 
- outer tracker to pixel association does not work at all. 

• 1 pixel layer + 1 more tracking layer nearby the pixel layer 
- remains many fake tracks. 

• 1 pixel layer + 2 more tracking layers 
- least number of layers to determine the track momentum 
near the vertex.  
- enables unique association using the position and the 
momentum vector. 

• 1 pixel layer + 3 more tracking layers  
- 1 additional layer gives redundancy for robust tracking. 

Sufficient condition: 
• requires MC simulations for estimating how many layers is 

needed for sufficiently small fake rate.

Physics-driven detector requirements
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1 pixel layer only

Assuming the typical angular resolution 
(1σ) of outer tracker as 1 mrad, ~ 1 hit is 
expected in 5 mm2 (3σ) at the pixel layer. 
 
A track from outer tracker always gets fake 
hits at the pixel layer.

Outer tracker 
R > 30 cm

Pixel layer 
R ~ 2.5cm

Position 
Vector 
Momenta
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Assuming the typical angular resolution 
(1σ) of outer tracker as 1 mrad, ~ 1 hit is 
expected in 5 mm2 (3σ) at the pixel layer 
and ~ 0.1 hit is expected in 4 mm2 (3σ) at 
the tracking layer. 
 
A track from outer tracker easily associates 
with fake tracks at the tracking layer.

1 pixel layer + 1 more tracking layer

Pixel layer 
R ~ 2.5cm

tracking layer 
R ~ 6 cm

Position 
Vector 
Momenta
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Outer tracker 
R > 30 cm



Once we get three hits at the pixel and 
intermediate tracking layers along the 
track, we obtain position, direction, and 
momenta information.  
 
We can reduce track candidates to be 
associated with a track from outer tracker.  
1 more additional layer gives redundancy 
for robust tracking.

1 pixel layer + 2 more tracking layers

Pixel layer 
R ~ 2.5cm

tracking layer 
R ~ 6 and 8 cm

Position 
Vector 
Momenta
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R > 30 cm



• Re-use of VTX pixel 
- is the lowest cost option of vertex detector. 
- should be standby in a case MAPS would not be available. 
- we have no reason to close this option now and thus have 
made an effort to maintain VTX pixel. 

• Compact si-strip detector 
- is the most cost-effective way to realize such an intermediate 
tracker for achieving physics requirements. 
- si-strip itself is well know technology and we have already 
had experiences. 
- R&D and development of Geant4 simulations are ongoing.

Cost consideration
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Proposed design (VTXP/MAPS + Si-Strip)

Proposal in the pCDR
More compact design 
focuses on a track association of pixel  
to outer tracker

Pixel layer 
R ~ 2.5cm

tracking layer 
R ~ 6, 8, and 10 cm
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Layer R (cm) X0 (%) Ganging

VTX Pixel 2.2, 4.4 1.3, 1.3 0
S0 7.7, 8.5 1.0, 1.0 0

S1 31, 34 0.6, 0.6 2

S2 64 1.0 5

Layer R (cm) X0 (%) Ganging
VTXP/MAPS 2.5 1.3 0

S0a 6 1.0 0

S0b 8 1.0 0

S0c 10 1.0 0

S2

S1

S0

Outer tracker 
R > 30 cm
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Figure 2: The parameter Chard as a function of the minimal energy Emin of the photon in

the rest frame of J/ψ (solid line), ψ(2S) (dashed line), and Υ(1S) (dotted line) decaying into

µ+µ−γ (a) or e+e−γ (b).
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Figure 3: The parameters Chard (solid line) and Csoft (dashed line) for the radiative decay

J/ψ → µ+µ−γ as functions of the minimal photon energy Emin in the rest frame of the J/ψ.

When an experiment measures all l+l−, l+l− γ configurations independent of the en-
ergy of emitted photons, the effects of radiative corrections appear as a small increase of

the decay width
Γall − Γ0

Γ0
=

α

2π

3

2
≈ 0.00174. (10)

However, cuts on the energy of the emitted photon can have much stronger effect. Let us
assume that we are selecting lepton pairs inclusively and apply a cut on their invariant
mass

|m − M | < ∆.
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Fraction of the internal Bremsstrahlung 
emitting a hard photon (E > Emin) Dielectron mass (Y(1S) decay)

Dielectron mass [eV]

There is a concern that the silicon tracker in front of outer tracker 
can degrade mass resolution of Y due to radiative energy loss in 
the silicon tracker.  
However, there is intrinsic radiative tail caused by Y→e+e-γ 
(Internal Bremsstrahlung). This effect must be considered when we 
evaluate the effect of material in the internal tracking detector.

~ 50 % at 10 MeV

~ 10 % at 500 MeV

~ 30 % at 100 MeV

A. Spiridonov 
hep-ex/0510076



Internal Bremsstrahlung in Y decay
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There is a substantial radiative tail due to internal Bremsstrahlung even with 
a massless detector. Internal bremsstrahlung is unavoidable.

p+p 10 weeks p+p 10 weeks
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Internal Bremsstrahlung in Y decay
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Detector material corresponding to 6.8 % X0 has no significant effect to 
Υ(2S)/Υ(3S) separation.

pCDR G4 detector (6.8 % X0) 
+ internal Bremsstrahlung
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Scenarios

•Detector configuration depends on available funding resources. 

• Minimal scenario: compact intermediate tracker (< 1M USD) 
- need outer tracker for high-momentum resolution  
- purpose of this tracker is only to connect outer tracks to the 
pixel detector 
- at least two layers of si-strip (three layers for redundancy) to 
determine the position and the momentum of a track. 

• More funding: silicon layers at larger radius (~ 5M USD) 
- better standalone momentum-resolution  
- most outer layer at R ~ 50 cm can achieve sufficient 
momentum resolution to separate the three Y states.
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Funding requests in Japan

•We will apply funding requests for JSPS in October, 2016; 
both 500M JPY (~ 5M USD) and 200M JPY (~ 2M USD) grant. 

• 200M JPY can make intermediate tracking system (R < 20cm). 

• 500M JPY can make large tracking system (R < 50cm).
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VTX pixel reconfiguration
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Status of VTX pixel
• As you may know and be worried, VTX pixel has had a “event 

misalignment” problem. 
Run12-15: 10-20%  
Run16: more serious than former runs. 

• Event misalignment has been caused by 
the four-events buffer (FIFO) in the ALICE1LHCb readout chip. 

• But we don’t yet fully understand why the four-events buffer is faulty 
working. We have already contacted ALICE people.
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The pixel detector in the HPD must be sensitive
to single photoelectrons. They must also provide a
very clean signal, since a high proportion of noise
hits will deteriorate the pattern recognition. The
accelerating voltage applied to the HPDs will be
20 kV, which generates a signal of around 5000
electrons in the pixel sensor. With a worst case
noise floor of about 250 electrons RMS and an
average threshold of 1500 electrons, values ob-
tained on a 130 channel prototype [10,11], the
threshold is still six times higher than the RMS
value of the noise. This should reduce the noise
hits to virtually zero. This 1500 electrons pixel
threshold is still considerably lower than 2500
electrons which would be the charge per pixel if the
photoelectron is incident exactly on the boundary
between two pixels and the induced charge is
shared equally between the two. Normally pixel-
to-pixel threshold variations should be folded into
these considerations, but with a three bit pixel-by-
pixel threshold adjust the overall threshold spread
obtained was about 25 electrons, which is negli-
gible with respect to the noise floor.

A spatial resolution of 2.5mm by 2.5mm is
sufficient for the incoming photons, but leads to an
8% occupancy in some regions of the RICH
detector. The electrostatic focussing de-magnifies
an image on the input window by a factor of 5,
mapping to a 500 mm! 500 mm granularity on the
pixel sensor. The LHCb Level-0 trigger will be
applied to the front-end chips, and arrives at an

average rate of 1MHz after a latency of 4 ms. To
allow readout at average rate and not at peak rate,
on-chip buffering is required. To reduce dead time
to below 1%, readout of a triggered event has to
be completed within 900 ns which is 36 clock cycles
for a 40MHz clock.

The encapsulation of the electronics within the
vacuum envelope requires compatibility of the
chip and its packaging with all manufacturing
steps of the HPD. A complete detector system for
the RICH of LHCb would consist of 500 HPDs.

3. The pixel cell

The commercial 0.25 mm CMOS process in
which the chip is currently being fabricated offers
a high component density and an intrinsic radia-
tion tolerance if special circuit layout is used (see
section 6). Both the analog and digital circuitry has
been designed to operate with a 1.6V power
supply, and the total static power consumption
will be about 400mW. The sensitive area measures
13.6mm! 12.8mm, and is divided into 8192 pixel
cells of 425 mm! 50 mm, arranged in 32 columns
and 256 rows.

The pixel cell itself is divided into an analog and
a digital part, as shown in the schematic of Fig. 3.
The analog front-end consists of a pre-amplifier
followed by a shaper stage with a peaking time of
25 ns. The design issues for such a front end are
discussed in detail in Ref. [11]. Detailed analysis of
signal to noise characteristics for charge sensitive
front ends can be found in Refs. [12–14]. In the full
chip implementation both these blocks are differ-
ential, with one input carrying the detector signal
and the other tied to a clean reference. This has

Fig. 3. A schematic of the circuitry within one pixel cell.

Fig. 2. Schematic of a pixel HPD.

W. Snoeys et al. / Nuclear Instruments and Methods in Physics Research A 466 (2001) 366–375368

Sample	output:	good	chip	
As	an	example,	ran	over	
Au+Au	run	409151	

Top:	Mean	hit	rate	for	0-10%	central	(blue),	
clock	triggers	(red),	all	triggers	(black)	
	
Le_:	CorrelaQon	coefficient	between	chip	hits	
and	bbc	calculated	over	a	sliding	window	of	
500	events.	Each	level	is	event	shi_ed	by	a	
different	amount	
	
Top	level	has	good	correlaQon,	but	none	on	
the	boiom	3	levels	
	
Because	there	is	a	4	event	buffer,	there	is	
reason	to	believe	a	shi_	would	not	exceed	
four,	but	we	can	shi_	by	any	amount	

Each	level	has	same	y	axis	of	0	to	1		

4/20/16	 VTX	Group	MeeQng	 6	

Good chip Jump chipSample	output:	bad	chip	
As	an	example,	ran	over	
Au+Au	run	409151	

Drop	in	correlaQon	always	corresponds	
to	increase	somewhere	else	
	
This	goes:	
0->3->2->1->2->1->0->1->0->3!	

4/20/16	 VTX	Group	MeeQng	 8	

central

all triggers

clock trigger

Jump chip: 
FIFO pointer faulty points a wrong buffer 
occasionally, and then a different even is 
sent to a downstream fronted board.

(courtesy of K. Hill)



Integration plans
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HQW-2011

Rachid Nouicer sPHENIX

Other Options: of P0 and P1 Barrels Integration sPHENIX

Option (A) Option (B)

Conclusion: P0 and P1 configuration depends on how many good ladders we have
(See next slide). 

Two pixel layers 
+ few spare ladders

Essentially one pixel layer 
+ 10 spare ladders
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HQW-2011

Rachid Nouicer sPHENIX

Status of Pixel ladders
For details see PHENIX Technical Note tn483.0 : Silicon Pixel Tracker

www.phenix.bnl.gov/phenix/WWW/publish/rnouicer/VTX/2016_VTX/Technical_Note_Silicon_Pixels_Tracker.pdfInventory

(http://www.phenix.bnl.gov/phenix/WWW/publish/rnouicer/VTX/2016_VTX/Technical_Note_Silicon_Pixels_Tracker.pdf )
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http://www.phenix.bnl.gov/phenix/WWW/publish/rnouicer/VTX/2016_VTX/Technical_Note_Silicon_Pixels_Tracker.pdf


Si-strip detector R&D
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S1 station R&D work in progress. 
• HDI (flexible printed circuit) design completed. 
• Manufacturing of HDI starts soon. 
• Silicon sensors are in our hands and will be 

shipped to BNL. 
• Sensor-module will be tested at BNL using the FVTX test bench. 

- preparation for the readout system is ongoing. 
- air cooling test 

S0 station R&D starts in this year. 
• based on the common technic as the S1 station. 
Continue R&D work in JFY2016 within RIKEN operation money.

Proposal in pCDR

S2

S1

S0

S1 sensor-module

HDI

silicon sensorFPHX readout chip

21
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2016 R & D Schedule 
2016 Month 4 5 6 7 8 9 10 11 12 1 2 3 4 Location Design

s1 Layer Productio
n

 Silicon Sensor-I 　 Japan Test
 HDI prototype-I 　 　 　 Japan
 Silicon Module-I 　 　 　 BNL (+RIKEN)

 Silicon Sensor-II 　 　 　 Japan
 HDI prototype-II 　 　 　 Japan
 Silicon Module-II 　 　 BNL (+RIKEN)

 HDI prototype-III 　 　 Japan
 Silicon Module-III 　 　 Japan

s0 Layer
 Silicon Sensor-I 　 　 　 Japan
 HDI prototype-I 　 　 　 　 　 Japan
 Silicon Module-I 　 　 　 　 BNL (+RIKEN)

Today



Silicon sensors

Silicon Strip Outer Tracker Option Tracker

Figure 4.8: (From left to right) The 3D CAD drawings for S0, S1 and S2 barrels.

Table 4.2: Summary of geometries for the silicon strip tracker and the inner tracker made of
reused pixels from PHENIX.

sensor
Station Layer radius pitch length depth total thickness area

(cm) (µm) (cm) (µm) X0% (m2)

Pixel 1 2.4 50 0.425 200 1.3 0.034
Pixel 2 4.4 50 0.425 200 1.3 0.059
S0a 3 7.5 58 9.6 240 1.0 0.18
S0b 4 8.5 58 9.6 240 1.0 0.18
S1a 5 31.0 58 9.6 240 0.6 1.4
S1b 6 34.0 58 9.6 240 0.6 1.4
S2 7 64.0 60 9.6 320 1.0 6.5

The FPHX chip, which was developed for the PHENIX FVTX detector, is conceived to be
the readout chip for the sPHENIX silicon tracker. The readout scheme is therefore very
similar to that of the FVTX. The primary reasons for this choice are (1) we can adapt the
read-out chain used for the FVTX with minimal changes and (2) the power consumption
of the chip is only 64 mw per chip (for 128 channels). Reuse of the SVX4 used in the
PHENIX VTX stripixel detector and MPC-EX detector was also considered, but the power
consumption of the SVX4 is more than 5 times higher than that of the FPHX chip, making
it unavoidable to use liquid cooling for the SVX4 readout. Using the FPHX chip makes it
possible to operate the silicon modules with air cooling. Thus the use of the FPHX chip
simplifies the cooling system, and substantially reduces its mass.

The numbers of silicon modules, ladders, and sensors are summarized for each station in
table 4.3.

Shown in Figure 4.9 is the conceptual design layout of the strip and readout lines for the
S2 sensor. The dimensions of the active area are 96 mm (in z)⇥92.16 mm (in azimuth), and

78

Tracker Silicon Strip Outer Tracker Option

Table 4.3: Number of channel summary for the silicon strip tracker.

station sub-layer silicon modules # of ladders # of sensors
per ladder

s0 2 3 36 216
s1 2 7 44 616
s2 1 14 48 672

it is divided into 10⇥12 blocks. The 128 strips in each block are 60 µm in pitch and 9.6
mm long, and run parallel to the beam line. The silicon sensor readout lines are aligned
perpendicularly to the strip direction as illustrated in Figure 4.9. The upper and lower 6
blocks are connected upwards and downwards, respectively. This reduces the number
of readout channels to save cost. Although signals in 6 blocks are combined and cannot
be distinguished in the readout electronics, the origin of a hit in a given block is to be
identified in offline analysis by requiring that tracks have a good c2 when fitted to all of
the tracking layers. The occupancy is sufficiently low to allow this to work. The number of
blocks that have to be combined is smaller for S1 because the smaller azimuthal size of the
sensors requires fewer blocks. For S0, all strips are read out.

4.6.2 Silicon Tracker Performance from Simulations

The goal of the Geant 4 simulations is to characterize the performance of the silicon tracker
as it pertains to major aspects of the physics program. The performance has been simulated
using the configuration summarized in table 4.2 for the following:

• Tracking efficiency in central AuAu HIJING events

• Track purity in central AuAu HIJING events

• Track DCA resolution in central AuAu HIJING events

• Single particle momentum resolution

• Upsilon mass resolution

The simulations are conducted with a GEANT 4 model of the silicon tracker that includes
our best estimates of the material thickness of the tracker and the correct cell sizes for the
inner pixels and outer strips. The model is simplified by distributing the material uniformly
in a cylindrical geometry for each tracking layer. A GEANT 4 model of the tracker is being
constructed that contains all of the geometric details of the ladders - support structure
and cooling, sensors, readout cards and readout cables. However implementation of the
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Outline of the silicon tracker (pixel and strip)

Number of sensors for strip layers

Silicon sensor

Silicon sensors of strip layers 
• 240 µm (320 µm) sensors at S0 and S1 (S2). 
• 240 µm sensor is made by grinding 320 µm sensor. 
• Hamamatsu says 200 µm is possible.  
→ compromise with increasing dark current and price…
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S0 (R ~ 8 cm) 
S1 (R ~ 32 cm) S2 (R ~ 64 cm)

Thickness 240 µm 320 µm

X0 0.26% 0.34%

Sensor/
wafer

S0: 5 
S1: 2 1

Price S0 ~ 0.5k USD 
S1 ~ 1k USD S2  ~ 1.5k USD
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Comparisons between 240 µm and 320 µm sensors
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Thickness 320 mm 240 mm
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Performance of 240 µm sensors

Performance of the prototype sensors
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Dark current of 240 µm is six times larger than 
320 µm, although acceptable. Larger dark 
current is expected for 200 µm sensor.
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Performance of 240 µm sensors

Performance of the prototype sensors
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Dark current of 240 µm is six times larger than 
320 µm, although acceptable. Larger dark 
current is expected for 200 µm sensor.

Silicon sensors for the strip layers 
• Two thicknesses, 240 µm and 320 µm. 
• 240 µm sensor is made by grinding 320 µm one. 
• Hamamatsu says 200 µm is possible.  
→ compromise with increasing dark current.

320 µm sensor at RIKEN
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Thickness 200 µm 240 µm 320 µm

X0 0.21% 0.26% 0.34%

Dark 
current / 
320µm

similar with 
240µm x6 x1

Price > 0.5k 
USD? 0.4k USD 0.3k USD



4Cooling Channel with Fitting for Prototype Silicon Module 

Rectangular Aluminum Tube
3003 Aluminum

(A) = 0.125” = 3.175 mm
(B)  = 0.250” = 6.35   mm
(C)  = 0.014” = 0.355 mm 

Hose Barbed Tube 
Fitting

For 1/8” Id of

Is air cooling really feasible?
10

Front Side View of the Stave
(Stave is double sides)

Concepts of Silicon Module 

We will soon start a air cooling test at BNL with silicon sensors, HDI, and FPHX.

8

Si sensor

HDI FPHX (x10)
1. Temporal cooling tubes by Al 

(finally carbon tubes with 230 µm thick CFRP will be used.) 
2. Air blowing with 0℃ and 10 m/s into Al tubes. 
3. Temperature monitoring by diode and/or thermography camera.

4Cooling Channel with Fitting for Prototype Silicon Module 

Rectangular Aluminum Tube
3003 Aluminum

(A) = 0.125” = 3.175 mm
(B)  = 0.250” = 6.35   mm
(C)  = 0.014” = 0.355 mm 

Hose Barbed Tube 
Fitting

For 1/8” Id of

Michal Szelezniak    Vertex 2014, 15-19 September 2014, Macha Lake, The Czech Republic 
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STAR HFT 

PXL detector 

• MAPS sensors with 20.7 μm pitch 
• Radius: 2.8 and 8 cm 
• Radiation length <0.4% X0 in inner layer 

first MAPS based vertex detector 
at a collider experiment 

Key issues 
• Air cooling at STAR HFT-PXL (170 mW/cm2, air by 0℃ and 10 m/s), 

but PHENIX FVTX with the FPHX chip uses coolant. 
• Si tracker has 280 mW/cm2 and at most 7x10 chips in series at S2. 
• Vibration by air flow? 
• Test results will be reflected to the 2nd stage design.

STAR HFT-PXL
TPC option Tracker

Figure 4.25: Layout for the silicon sensor ladder for the S1 detector.

4.7 TPC option

Detector Description

The TPC design follows the classical cylindrical double-sided TPC layout used in sev-
eral other experiments, with a central membrane electrode located at the middle of the
interaction region dividing the TPC into two mirror-symmetric volumes, as shown in
fig. 4.26.

Figure 4.26: Schematic layout of TPC main elements.

In each such volume the readout plane is located on the endcap inner surface, facing the
gas volume. The electric field, transporting primary ionization to the readout plane is
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sPHENIX Si tracker (strip layer)

air

air

air
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(courtesy of R. Nouicer)

.



8Rachid Nouicer

Stave Design for Silicon Prototype

HDI

Sensor

FPHX chip

CFC

Rohacell foam

25



Summary

• We need 1 pixel layer + 3 or more tracking layers. 

• VTX pixel should be maintained as is to be ready for re-use. 

• Si-strip tracker meets physics-driven requirements and is also cost 
efficient. 

• Integration work and R&D are work in progress.
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Backup
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DCA distribution

SINGLE ELECTRON YIELDS FROM SEMILEPTONIC . . . PHYSICAL REVIEW C 93, 034904 (2016)

 [cm]LDCA
-0.2 -0.1 0 0.1 0.2

 c
ou

nt
s

1

10

210

310

410

510

610 All Tracks
MB

 < 2.5
T

2.0 < p

(a)

 [cm]TDCA
-0.15 -0.1 -0.05 0 0.05 0.1 0.15

 c
ou

nt
s

1

10

210

310

410

510

610

710
All Tracks
MB

 < 2.5
T

2.0 < p

(b)

 [GeV/c]
T

p
1 1.5 2 2.5 3 3.5 4 4.5

m
]

µ
 [σ

T
 D

C
A

30

40

50

60

70

80

90
(c)

FIG. 4. Distance-of-closest-approach distributions for (a) along
the beam axis DCAL and (b) transverse plane DCAT for all VTX-
associated tracks in Au + Au at

√
s

NN
= 200 GeV in the range 2.0 <

pT [GeV/c] < 2.5. (c) The DCAT resolution as a function of pT for
all tracks.

Fig. 4(c). The DCAT resolution is approximately 75 µm for
the 1.0–1.5 GeV/c bin and decreases with increasing pT as
the effect of multiple scattering becomes smaller for higher
pT . The DCAT resolution becomes less than 60 µm for pT >
4 GeV/c, where it is limited by the position resolution of the
primary vertex.

We divide the electrons into five pT bins and show the
DCAT distributions for each in Fig. 5. These distributions are
in integer-value counts and are not corrected for acceptance
and efficiency. The DCA distributions include various back-
ground components other than heavy flavor contributions. The
background components are also shown in the figure and are
discussed in the next section (Sec. III E).

While the DCAT distributions in Fig. 5 are plotted within
|DCAT | < 0.15 cm, only a |DCAT | < 0.1 cm is used in the
analysis to extract the charm and bottom yield described
later. At large DCAT , the distribution is dominated by high-
multiplicity background (Sec. III E 2) and therefore provides
little constraint in the extraction of the charm and bottom
contributions.

E. DCA distribution of background components

The sample of candidate electron tracks that pass all the
analysis cuts described above contains contributions from
a number of sources other than the desired electrons from
semileptonic decays of charm and bottom hadrons. To extract
the heavy flavor contributions, all background components
must be fully accounted for and their DCAT shapes as a
function of pT incorporated. These background components
are listed in the order presented below:

(1) misidentified hadrons;
(2) high-multiplicity background;
(3) photonic electrons;
(4) kaon decay electrons;
(5) heavy-quarkonia decay electrons.

As described in this and the following section, all back-
ground components are constrained by PHENIX measure-
ments in Au + Au and are fully simulated through a GEANT3
description of the detector. This method is similar to the cock-
tail method of background subtraction used in the previous
analysis of inclusive heavy flavor electrons [12].

Next we describe these background sources and their
DCA distributions. The first two components are caused
by detector and multiplicity effects. DCA distributions and
normalization of these two components are determined by
data-driven methods, as detailed in this section. The last three
components are background electrons that are not the result of
semileptonic decays of heavy flavor hadrons. Their DCA dis-
tributions are determined by Monte Carlo simulation, and their
normalization is determined by a bootstrap method described
in Sec. III F. Of those background electrons, photonic electrons
are the dominant contribution. We developed a conversion veto
cut to suppress this background (Sec. III E 3).

1. Misidentified hadron

As detailed in the discussion on electron identification,
there is a nonzero contribution from misidentified electrons.
This contribution is modeled via the RICH swap method
described in Sec. III C 2. From this swap method, we obtain
the probability that a charged hadron is misidentified as an
electron as a function of pT . This probability is then applied
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FIG. 13. The DCAT distribution for measured electrons compared to the decomposed DCAT distributions for background components,
electrons from charm decays, and electrons from bottom decays. The sum of the background components, electrons from charm and bottom
decays, is shown as the red (upper) curve for direct comparison to the data. The gray band indicates the region in DCAT considered in the
unfolding procedure. Also quoted in the figure is the bottom electron fraction for |DCAT | < 0.1 cm integrated over the given pT range. The
legend follows the same order from top to bottom as panel (b) at DCAT = −0.1 cm.

electron-invariant yield are much smaller than the systematics
at low pT , making the likelihood value not surprising. We
find reasonable agreement within uncertainties between the
remaining DCAT pT bins.

H. Systematic uncertainties

When performing the unfolding procedure, only the sta-
tistical uncertainties on the electron DCAT and pT spectra
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FIG. 13. The DCAT distribution for measured electrons compared to the decomposed DCAT distributions for background components,
electrons from charm decays, and electrons from bottom decays. The sum of the background components, electrons from charm and bottom
decays, is shown as the red (upper) curve for direct comparison to the data. The gray band indicates the region in DCAT considered in the
unfolding procedure. Also quoted in the figure is the bottom electron fraction for |DCAT | < 0.1 cm integrated over the given pT range. The
legend follows the same order from top to bottom as panel (b) at DCAT = −0.1 cm.

electron-invariant yield are much smaller than the systematics
at low pT , making the likelihood value not surprising. We
find reasonable agreement within uncertainties between the
remaining DCAT pT bins.

H. Systematic uncertainties

When performing the unfolding procedure, only the sta-
tistical uncertainties on the electron DCAT and pT spectra
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Silicon Sensor Concept

• Rather compact design to fit between 
MAPS and TPC 

• Interconnect between MAPS hits and 
TPC tracks
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